ABSTRACT PURPOSE: To investigate the effectiveness of femtosecond laser-assisted intrastromal relaxing incisions for astigmatism management and establish laser treatment parameters.
RESULTS:
The logMAR corrected distance visual acuity (CDVA) improved from 0.50 ± 0.29 to 0.32 ± 0.23 (Snellen 20/63 to 20/40). Refractive and topographic anterior cylinders decreased from 6.8 ± 2.2 diopters (D) to 3.7 ± 1.7 D and from 9.5 ± 4.8 D to 4.4 ± 2.1 D, respectively. Stabilization of topographic cylinder was observed 1 month postoperatively. The worse the preoperative CDVA was and the higher the preoperative values for the refractive and topographic cylinders were, the higher the surgically induced changes were. Anterior side cut angles at 90° and 120° produced similar results. A bulge of incision occurred in one eye requiring compression sutures.
CONCLUSIONS: Signifi cant improvement in CDVA and refractive and topographic cylinders indicated a good effect of femtosecond laser-assisted intrastromal relaxing incisions in reducing astigmatism. No advantage between 90° and 120° anterior side cut angles was found. No infections were recorded and no patient expressed discomfort.
[J Refract Surg. 2013;29(6): 378-382.] stigmatism occurring after penetrating keratoplasty is common and 4 to 5 diopters (D) of postoperative penetrating keratoplasty astigmatism is not unusual. 1 Mild cases can be treated with spectacles or contact lenses. However, some patients with postoperative penetrating keratoplasty have more severe astigmatism that requires surgical treatment. 2, 3 Arcuate keratotomy is a surgical method to treat astigmatism and is traditionally made mechanically with a knife or keratome. [4] [5] [6] [7] [8] [9] [10] [11] [12] This causes the incised meridian to fl atten and steepen perpendicularly, thus reducing astigmatism. 13 The advantages of arcuate keratotomy are that it does not penetrate the anterior chamber, it preserves the optic axis, and it can be used to treat high astigmatism.
The use of femtosecond lasers for relaxing incisions has been studied. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The therapeutic results of femtosecond laser-assisted incisions that penetrate the epithelium are similar compared to the mechanical incisions. [14] [15] [16] [17] [18] [19] [20] We studied the effect of intrastromal relaxing incisions made with a femtosecond laser. Theoretical advantages of intrastromal incisions where the corneal surface is not penetrated are a reduced risk for infection and reduced inconvenience caused by pain.
PATIENTS AND METHODS
All patients were referred to Helsinki University Eye Hospital for treatment of postoperative penetrating keratoplasty astigmatism. They were intolerant to spectacle or contact lens wear due to insuffi cient correction of visual acuity or high astigmatism. The study was approved by the ethical committee of the Helsinki and Uusimaa Hospital District After clinical evaluation consisting of biomicroscopy, intraocular pressure measurement using applanation tonometer, fundus examination, and topographic evaluation using anterior segment optical coherence tomography (OCT) (SS-1000 Casia; Tomey, Nagoya, Japan), the clinical decision was made to reduce corneal astigmatism by performing astigmatic keratotomy.
Sixteen eyes of 16 patients were treated between September 2010 and October 2011. All patients had regular astigmatism and all sutures were removed from the cornea a mean 9 ± 6 months earlier (range: 2.5 to 21 months). All patients were examined for 3 months.
INTRASTROMAL RELAXING INCISIONS
Femtosecond laser-assisted relaxing incisions were made under topical 1% tetracaine hydrochloride anesthesia (Minims Tetracaine; Chauvin Pharmaceuticals Ltd., Kingston-Upon-Thames, UK). Corneal thickness was measured prior to surgery using ultrasound pachymeter (AL-3000; Tomey) from eight different points inside the graft-host wound at the presumed incision site. The center of the corneal graft was marked and the femtosecond laser was centered to the graft. The length of all paired arcuate incisions was 90° and incisions were made inside the graft using 60-kHz IntraLase femtosecond laser (IntraLase Corp., Abbott Medical Optics, Irvine, CA) using keratoplasty mode and only the anterior side cut incision. The parameters for the laser were: energy 2.5 J, spot separation 3 μm, and layer separation 3 μm. The depth of the incisions was set to 90% of the measured thickness, the diameter of the incisions were 6.0 mm (n = 8), 6.5 mm (n = 6), or 7 mm (n = 2), and the side cut angle was 90° or 120°. To preserve the epithelium, the depth in glass was set to -90 μm. The epithelium was not opened with any instrument at any point of the treatment. The results of the incisions were confi rmed immediately after the operation biomicroscopically. Postoperatively, one drop of antibiotic (levofl oxacin) (Oftaquix; Santen, Tampere, Finland) was administered and prednisolone acetate 10 mg/mL (Allergan, Westport, County Mayo, Ireland) was applied three times a day for 1 week. Topical lubricants were used as needed.
Microsoft Excel software version 14.0.0 (Microsoft Corporation, Redmond, WA) and SPSS software version 20 (SPSS, Inc., Chicago, IL) were used for statistical analysis. Statistical signifi cance was measured using the Wilcoxon and Mann-Whitney U tests. Correlations were examined using the Pearson correlation test for normally distributed variables. The coupling ratio was calculated as the ratio between fl attening of the steep meridian and steepening of the fl at meridian from the anterior topographic cylinder values. The surgically induced astigmatism was calculated using the Alpins method. 23 Table 1 . All operations were successfully performed inside the graft-host wound and all incisions were located intrastromally (Figures 1A and 1B) . No epithelial or endothelial breakage was noted either intraoperatively or postoperatively.
RESULTS

Specifi c patient demographics are presented in
Corrected distance visual acuity (CDVA) improved by 0.18 ± 0.26 logMAR (P = .016). Refractive cylinder decreased by 3.1 ± 2.1 D (P = .001). The topographic anterior cylinder decreased by 5.1 ± 4.7 D (P = .001) and posterior cylinder by 0.7 ± 0.6 D (P = .002) ( Table 2 ). There was a signifi cant correlation between the magnitude of preoperative values and amount of improvement in CDVA and refractive and topographic cylinders. The worse the preoperative CDVA was and the higher the preoperative values for refractive and topographic cylinders were, the higher the surgically induced changes were (P < .001) (Figures 2A-2C) .
CDVA and refractive cylinder continued to improve up to 3 months. The average topographic cylinder reached a stable level at 1 month postoperatively (Figure 3) . The coupling ratio was 0.57 ± 2.65 at 3 months. The arithmetic mean of the surgically induced astigmatism was 7.7 ± 5.1 D and the mean vector was 1.1 D in axis of 26°.
Nine eyes were operated on with an anterior side cut angle of 90° and 7 eyes with 120°. Both groups had statistically similar preoperative values. The 90° cut angle No correlation was found between the anterior diameter of incisions and change in topographic cylinder (r = .001).
One patient developed a bulge in the temporal incision 2 weeks after the operation and was treated using compression sutures. After suture removal and stabilization, the fi nal topographic anterior cylinder was 3.8 D compared to 18.1 D before laser and CDVA was 0.3 (Snellen 20/40) compared to 0.7 before laser. No other adverse effects were recorded.
In two eyes, topographic anterior cylinder improvement was less than 1 D and was considered undercorrected. Overcorrection, defi ned as topographic cylinder axis change over 45°, presented in three eyes. In these three eyes, refractive and topographic anterior cylinders changed from 6.0 ± 2.0 to 4.0 ± 1.3 D and from 8.4 ± 4.6 to 4.6 ± 2.6 D, respectively (P > .05).
DISCUSSION
Signifi cant improvements were found in all main parameters after femtosecond laser-assisted arcuate keratotomy: CDVA, refractive cylinder, and topographic cylinder. Because both anterior and posterior topographic cylinders had a signifi cant reduction in astigmatism, this indicated that the effect of intrastromal 
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incisions extended throughout the whole cornea. Similarly, the coupling ratio was close to one indicating both fl attening of the steep meridian and steepening of the fl at meridian, with steepening being only slightly greater than fl attening. The correlations between preoperative values and change after the operation suggested that intrastromal relaxing incisions were also effective when treating high astigmatism.
Comparing the effect of intrastromal relaxing incisions to epithelium breaking methods, the decrease in refractive cylinder seemed to be similar. Using femtosecond laser-assisted epithelium breaking techniques, the reduction was 40% to 66% in refractive cylinder 15, 17 and 36% to 40% in keratometric cylinder. 15, 20 Using non-laser mechanical techniques, the reduction was 30% to 54% in refractive cylinder 4, [10] [11] [12] 15 and 35% in keratometric cylinder. Two different anterior side cut angles and three different anterior diameters of incisions were evaluated. Anterior side cut angles 90° and 120° produced statistically similar changes in all key parameters. Neither 90° nor 120° cut angles created different outcomes with regard to undercorrection or overcorrection. The absence of correlation between diameter of incisions and topographic cylinder change suggested that all incisions close to the graft-host wound would release astigmatism-inducing forces.
In October 2011, we received a letter of caution from the IntraLase Corporation concerning a possible risk of perforation when performing non-penetrating deeper corneal incisions and recommendations to program at least 125 μm of intact posterior cornea. This study was done by setting the posterior depth to 90% of measured corneal thickness. Further studies may enlighten the effect of these new guidelines.
The theoretical advantage of intrastromal relaxing incisions for treating astigmatism is its relative simplicity, less risk of postoperative infections, and reduced discomfort to the patient. In this patient material, no infections were recorded and patients did not report pain or unpleasant effects due to incisions. However, it is not possible to differentiate between intrastromal incisions and epitheliumpenetrating femtosecond laser incisions or manual arcuate keratotomy based on this population, because the other methods also have a low rate of complications.
Intrastromal relaxing incisions seem to be a good alternative to more penetrating methods of treating postoperative keratoplastic astigmatism. Based on this study, the effect was good and the rate of adverse effects or complications was low. 
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